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Abstract 
ZnO, LiNbOs and a-Ni(0H)2 were prepared by solution chemistry methods. The 
solution-based approached was versatile in controlling the morphology and size of 
products under relative mild reaction conditions. 
In the first part of the thesis, ZnO microspheres were synthesized by both 
solvothermal (ZnO-ST) and hydrothermal methods (ZnO-HT). It was found that the 
sizes and morphologies of the as-prepared products via hydrothermal and 
solvothermal methods were different. ZnO-HT exhibited higher photocatalytic 
activity than ZnO-ST and was comparable to that of commercial Degussa P25. The 
volume ratios of ethylene glycol (EG)/water and EG /benzyl alcohol affected the 
morphologies of ZnO-HT and ZnO-ST respectively. ZnO-ST was also doped with 
silver and gallium and their photoluminescence properties were studied. 
In the second part of the thesis, submicrometer-sized LiNbOs rods were prepared 
by a template-free hydrothermal method under mild reaction condition (180°C). 
SEM, TEM and BET results showed that the rod-like products were about 10阿 
long, porous in nature and had an aspect ratio of 10:1. To the best of our knowledge, 
this kind of rod-like metastable morphology has never been reported. The 
amorphous product transformed into LiNbsOg after successive calcinations steps 
from 400 to 600°C and the rod-like structure was retained. 
The last part of the thesis describes the synthesis of flower-like a-Ni(0H)2 via 
hydrothermal method. As the volume ratio of ethylene glycol/water increases, the 
as-prepared products consist of a mixed phase of a- and p-Ni(0H)2. In addition, the 
volume ratio of reaction solvents also affects both the morphologies and BET 
surface areas of the products. The as-prepared a-Ni(0H)2 can be converted into NiO 
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In the past decades, controlled syntheses of crystalline structures of reduced 
dimension have been extensively studied in material sciences, physics and 
chemistry. It is found that nano- or micro-sized materials exhibit electrical, optical 
and magnetic properties different from those of the bulk counterparts. These 
phenomena are mainly due to the quantum size effects.' A new concept emerged 
and extensive studies have been carried out to synthesize materials not only with 
different compositions but also vary in size and morphologies. Conventionally, 
nanocrystals can be synthesized by solid, gas and solution phase reactions: 
(a) Solid state reaction: Solid state reactions are classified as at least one solid 
product is formed from one solid reactant. Solid state reactions begin when 
reactants come into contact and continue by the diffusion of reactants through 
the product phase. The rate of reaction depends on the diffusion rate of reactants 
and their contact surface area. It can be increased by higher reaction 
temperature which facilitates reactants mobility; and smaller reactants size that 
increases contact surface area? 
The reactions of solids can be divided in to four categories:^ 
1. Formation of gaseous products by the decomposition of solids, 
e.g. CaC03(s) + CaO(s) + CO2 (g) 
2. Reaction between solids and gases, 
e.g. 2Cu(s) + I/2O2 (g) Cu20(s) 
3. Reactions between a liquid and solids. 
e.g. CaC03(s) (argonite in coarl) -> Ca5(P04)3(s) (apatite for bone implants) 
The above reaction is a hydrothermal reaction that converts the solid but the 
microstructure remains unchanged. 
4. Reaction between solids to form solid products only. There are two types 
of reactions: addition and displacement: 
(a) Addition reaction: 
e.g. ZnO(s) + Fe203(s) ZnFe204(s) 
(b) Displacement reaction: the exchange of atoms between solid phases: 
e.g. ZnO(s) + CuS04(s) ZnS04(s) + CuO(s) 
The most common method of solid state reactions is the ceramic method. It is 
mixing/grinding directly powders of oxides, carbonates, oxalates or other 
compounds in stoichiometric amounts and heats up to high temperatures. A large 
amount of oxides have been prepared by this method.^ 
e.g. BaCOs + T i O � + BaTiO] + CO2 Temperature = 1200°C 
Solid state reactions also involve mixed-salts precursors, e.g. iron cobalt oxalate 
(CoFeOxs). The metal ions are already in the stoichiometric ratio and after 
complete decomposition, the mixed salts oxalate transforms into mixed oxide*: 
CoFe20x3(s)->CoFe204(s)+CO(g) +2C02(g) Temp= 700°C 
The advantage of solid state chemistry is their simplicity. They are often applied in 
industry because of the simple preparation steps including pressing, heating and 
milling. However, it requires high energy input and increases production costs. The 
reactions between solids are often diffusion limited and incomplete. The prepared 
products may contain unreacted precursors. 
(b) Gas-phase reaction: For the formation of solids from gas phase, a carrier gas is 
present for the transport of the vaporized reactants. In chemical vapour transport 
reaction, a non-volatile solid (A) react with a gaseous precursor (B) to form a 
gaseous product (AB) reversibly. This equilibrium is temperature dependent. The 
equilibrium concentration of AB changes with temperature. This provides driving 
force for mass transport by diffusion from the source (where AB is formed) at 
temperature T1 to the sink (where equilibrium is shifted towards the side of A and 
B) at temperature T2. Exothermic reactions drive reaction towards higher 
temperature (T1<T2) whereas endothermic reactions vice versa (T1>T2). Chemical 
transport reactions can be carried out in open systems with continuous supply of 
transport gases or in closed systems. It is usually used for the purification of solids 
and for the growth of single crystals. It can also be applied in the synthesis of 
compound. A nature phenomenon can be used as an example for the formation of 
new compound. At the hot sites in a volcano, Fe203 reacts with HCl (transport gas) 
to formed gaseous FeCls and water vapour. FeCls is transported with the gases and 
deposited at cooler sites by back reaction.^ 
3Fe203(s) + 6HCl(g) 2Fe2Cl3(g) + 3H20(g) 
Elemental nickel with high purity can be produced in the Mood process by the 
decomposition of Ni(C0)4: 
50°C 
Ni + CO Ni(C0)4 
230°C 
Firstly, Ni(C0)4 is formed at 50°C and atmospheric pressure, than it is transported 
out of the solid mixture formed in the metallurgical process under continuous 
transport agent and decomposed into Ni and CO at 230°C 
In general, chemical transport reaction can be simplified into four steps:5 
1. At the source, the reaction leading to the formation of equilibrium between the 
gaseous phase and the condensed phase. 
2. Gaseous products are transported from the source to the sink by diffusion. 
3. The condensed phase is deposited at the sink. 
4. The gaseous transport agent diffuses back to the source. 
In Chemical Vapour Deposition (CVD),^ the metal precursors are vaporized, 
introduced in a reaction chamber and then adsorb onto substrates (e.g. wafer) at 
increased temperature. The adsorbed molecules may decompose or react with other 
vaporized precursors to form crystals on the substrates. By-products are removed 
by carrier gas flow through the reaction chamber. CVD is one of the important 
methods to prepare thin films of and coatings of metals or other multi-elements 
materials such as oxides, sulfides, nitrides, phosphides, arsenides, carbides, borides, 
silicides etc.， 
(CH3)3Ga，(CH3)3ln and AsHs are used as precursors to synthesize InGaAs 
nanoparticales on substrate using H2 as the carrier gas at 490-650°C by CVD/ 
The properties for an ideal precursor for CVD process including the followings: 
1. Good volatility; 
2. Good thermal stability; 
3. Give by-products which are stable and readily removed from the reaction 
chamber; 
4. With high purity or can be purified readily; 
5. Decompose cleanly on the substrate without incorporation of contaminants. 
The CVD process is usually applied in the electronic industry to coat devices that 
are exposed to serve conditions. The advantage of this process is for materials that 
are very inert and have a high melting point (e.g. W, TaC and Si3N4) can be 
deposited under relatively mild conditions. 
Gas-phase reactions prior to adsorption of precursors on the surface of substrates 
are undesirable. This can lead to the formation of particle, incomplete reaction and 
the depletion of the precursor concentration on the surface. CVD is a complex 
process with a number of parameters that influence the film properties such as 
reactor geometry, reactant delivery, total pressure, gas and substrate temperature, 
gas composition, flow rate, substrate surface, time and rate of deposition etc. 
Because of the above mentioned variables, it is difficult to reproduce results and 
compare them from different reaction systems.5 
(c) Solution phase reaction: It is also called "soft chemistry", "solution chemistry" 
or "chimie douce". Generally, at least one step is carried out in solution phase in 
order to be classified as such. Metal precursors such as metal halides, nitrates, 
acetates, alkoxides, acetylacetonates etc. are used and react in aqueous or 
non-aqueous medium. The soft chemistry route is versatile for controlling the size 
and shape of products and the reaction temperature is relatively mild as compared 
with the conventional synthetic approach such as solid state reaction and CVD. In 
this regard, soft chemistry can produce metastable oxides which are less favorable 
to be obtained by conventional methods in which thermodynamic stable products 
dominate.^ Details about soft chemistry will be introduced in the next section. 
1.2 Soft chemistry 
There are different approaches to synthesis materials by the soft chemistry route, 
the most commonly used strategies are listed as follows: 
1.2.1 Sol-gel method 
Sols are colloidal particles (diameters of 1-100 n m ) � suspended in a liquid while 
gel is an interconnected network with submicrometer pores and polymeric chains 
longer than one micrometer. The sol-gel process is described in steps as follows: 
Step 1: Hydrolysis of metal alkoxides (M(OR)n) occurs without precipitation in a 
mixture of water and organic solvent. 
Hydrolysis of metal alkoxides: 
M(OR)n + X H2O — M(OH)x(OR)n-x + X R O H 
Step 2: The hydrated precursors then form M-O-M bonds by condensation. The 
alcohols and water produced from the reactions remain in the network. The 
condensed three-dimensional network continue to link together prior to gelation. 
During gelation, the viscosity increases and fibers can be pulled or spun by the 
control of time. 
Step 3: The gel is left still for certain time, from hours to days for aging, 
polycondensation and reprecipitation of the gel networks continue and the strength 
of the gel increases until the gel transforms into solid mass, accompanied by 
contraction of the gel network and expulsion of solvent from the gel pores. 
Step 4: The absorbed water, alcohol and organic solvents used in the reaction are 
removed form the aged gel by drying. 
Step 5: The surface adsorbed hydroxyl groups are removed after the gel is calcined 
at elevated temperature and a stable solid is prepared. 
1.2.2 Co-precipitation 
Co-precipitation is one of the early synthesis methods of nanoparticales. 
Fundamentally, it involves the nucleation, growth, coarsening, and/or 
agglomeration processes. Preparation of oxides/hydroxides can be done directly, or 
post treatments such as calcination or drying are required. Usually a capping ligand 
or other surface stabilizers are needed to prevent agglomeration of the particles. 
Many metal oxides are prepared by the calcinations of the as-prepared hydroxides 
coprecipitated products. The common precipitating agents include ammonia 
hydroxide, sodium hydroxide, ammonia carbonate and sodium carbonate. Oliveria 
et al synthesized ZnO particles by precipitation with sodium hydroxide. 12 Nickel 
hydroxide is usually precipitated with urea” Lee and coworkers prepared spherical 
ZxOi by precipitating zirconium oxyacetate with a m m o n i a . 
In addition, coprecipitation can occur in nonaqueous medium. It is advantageous 
for the synthesis of compounds that do not precipitate in aqueous solution. Also, the 
non-aqueous condition can suppress the hydrolysis rate of the precursors so that 
particle growth can be controlled and agglomeration can be prevented, it is 
significant for the precipitation of high valence, electropositive metals such as 丁广 
andZr4+.i5 
1.2.3 Microemulsion 
Microemulsion is one kind of emulsions, it is distinctive as it is thermodynamically 
stable and appears to be homogeneous. Just like normal emulsion, it is a mixture of 
oil, water and surfactant at equilibrium. The oil phases are usually organic solvents 
while the surfactants are long-chain organic molecules with hydrophilic "heads" (an 
ionic sulphate or quaternary amine) and hydrophobic tails (simple hydrocarbons). 
In oil-in-water systems (o/w), water is the bulk fluid with little oil or surfactants, 
the surfactants will self assemble together to form micelles. The micelles in o/w are 
composed of nanoscale oil droplets enclosed by a layer of surfactants. The 
hydrophobic tail of surfactants preferentially arrange in the oil phase leaving the 
hydrophilic heads facing the bulk aqueous solution. In water-in-oil system (w/o), 
the situation is reversed, little water is surrounded by a layer of surfactants, the 
hydrophilic heads align in the aqueous droplets leaving the hydrophobic tails facing 
the bulk oil. This is called the reverse micelle. There are four kinds of surfactants 
commonly used: ionic (anionic and cationic),^^ noionic'^ and zwitterionic.^^ 
10 
Micelles act as microreactors for the preparation of nanoparticles with various sizes 
and morpho log ies . 19 The geometry of micelles depends on the composition of the 
microemulsion systems, i.e. the relative percentage of oil, water and surfactants. 
Micelles with different geometries'''''^^ can be prepared according to the phase 
diagram: spherical, rod-like, reverse micelles, cubic, lamellar, hexagonal and so 
forth. They can act as templates for the architecture of nanoparticles. Numerous 
reports have been published about the preparation of mesoporoiis and microporous 
materials by microemulsions.'^'^^ 
11 
1.3 Application of hydrothermal/solvothermal methods in 
materials synthesis 
1.3.1 Fundamentals of hydrothermal and solvothermal methods 
Hydrothermal synthesis refers to heterogeneous reactions occur in aqueous medium 
beyond 100 °C and above atmospheric pressure in a closed system. Under 
hydrothermal conditions, reactants that are difficult to dissolve in ambient 
environment are more easily ionized and hydrolyzed. The reactions which are very 
slow under ambient conditions can be accelerated under hydrothermal conditions.^^ 
Solvothermal reactions are very similar to hydrothermal. The only difference is the 
use of nonaqueous solvents. A solvent can reach temperatures higher than its 
boiling point because of the pressure built inside the sealed vessels. Solvothermal 
synthesis is feasible for the synthesis of inorganic materials because of the 
solubility of inorganic substances in organic solvents.^^ 
12 
1.3.2 Advantages of hydrothermal/solvothermal methods in contrast to 
conventional synthetic approaches 
As the hydrothermal and solvothermal synthetic processes take place in a closed 
system, compounds with elements in higher oxidation state which are difficult to 
99 
prepared can be obtained. For example, chromium (IV) oxide with high purity is 
produced by the reactions as follow: 
CrzOs + Cr03 一 3Cr02 
CrOs^CrOz + 1/2 O2 (350°C，440 bar) 
The pressure built up from the excess oxygen decomposed from the CrOs helps to 
stabilize the Cr02 formed.24 
Moreover, metastable and low-temperature phase compounds can be obtained 
instead of the thermodynamic stable compounds which are usually found in 
conventional synthetic methods that occur at relatively high temperatures. Besides, 
Hydrothermal method is feasible for large scale synthesis. Reactions occur in a 
"one-pot" fashion. The apparatus and raw materials are readily available, no 
expensive devices are needed. Because of the above advantages, we have adopted 
the hydrothermal process to synthesize the desired transition metal oxides and 
hydroxides. 
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1.3.3 Hydrothermal and solvothermal preparation of materials 
Numerous metal oxides and hydroxides have been fabricated by hydrothermal and 
solvothermal methods. Hydrothermal method is facile for the synthesis of material 
from one (ID) to three dimensional (3D) structures. These include hollow anatase 
TiOi nanospheres, a- and (3-Mn02 single-crystal nanowires, ZnO nanorods, 
Tb(0H)3 and Y(0H)3 single-crystalline nanotubes, tellurium nanobelts and 
nantubes,29 as well as Co(OH)2 and C0O/C03O4 nanoplatelets.^®. 
Hydrothermal synthesis has been extensively applied to the synthesis of new 
materials.^^ For example, zeolites^^ which is a kind of microporous crystalline 
aliminosilicate with tetrahedral TO4 (T= Si or Al) as basic units. They are widely 
used as sorbents, catalysts and ion-exchange materials.^^ 
Ionic conductors such as aliovalent cations doped Cerium mater ia ls ：〕々  
Ce1-xMxBio.4O2.6-x, M= Ca, Sr and Ba, x=0.01-0.15 are also fabricated in this way. 
c 
In addition, fluorite type BinVsOss, potassium phosphatoantimonate 
(K8Sb8P2029.8H20)36 and complex oxides or fluorides which are difficult or 
impossible to prepare by high temperature solid-state reactions can also be prepared 
by hydrothermal method. 
Perovskites ABO3 (A = Ca, Sr, Ba, Pb，； B=Ti, Sn, Zrf，ABF4(A=Li, K; B=Y’ Er, 
14 
Ho)，38 crystalline KMgFs,^^ inorganic-organic hybrid materials, specially condensed 
materials such as diamond'^^ or gallium nitride" '^ and helical'^ ^/chiral'*^ structures are 
extensively prepared by hydrothermal method. 
1.4 Application of transition metal oxides as functional 
materials 
Transition metal oxides have many interesting properties and can be tailored for 
various applications. For example, extensive studies have been carried out on using 
Ti02 in water purification, disinfection and air purification.'^'^ The magnetic Fe203 
has been used in bioimaging,"^^ drug delivery/^ high density data storage.? and 
removal of heavy metals ions in water ,Chemical sensors based on transition 
metal oxides such as zinc oxide"^ ^ and tin oxide^^ have been used for detection of 
gaseous pollutants, combustible gases and organic vapours. By the redox reactions 
between the surface adsorbed oxygen and the reducing gases, the charge of electric 
conductivity induces a measurable signal with respect to the identity and quantity of 
the target species. Mn02 has been used as positive electrodes for lithium batteries" 
15 
1.5 Aim and Scope of work: 
The aim of this research is to synthesize different micro transition metal oxides and 
hydroxides by soft chemistry routes. Soft chemistry routes are facile and 
environmentally friendly for the preparation of functional materials at lower 
temperature in a one-step synthesis. Products with uniform size can be easily 
obtained with great versatility in the modification of products structures and 
properties by controlling the experiment parameters. 
Hydrothermal and solvothermal methods were employed together with surfactant 
assisted microemulsion, template-free synthesis and coprecipitation approaches to 
synthesize materials with novel structures or properties. The as-prepared 
micrometer sized materials built up by nanometer size building blocks exhibited 
properties different from the bulk materials. 
Chapter two of this thesis reports the preparation of zinc oxide by a template free 
solvothermal method and the comparison of its photocatalytic properties towards 
sample prepared by hydrothermal method. Chapter three covers the preparation of 
rod-shaped metastable LiNbOs templated by the surfactant 
16 
Cetyltrimethylammonium bromide (CTAB) in a water-in-oil microemulsion system. 
The surface of the LiNbOs rod is hierarchical as observed under transmission 
electron microscopy. 
Chapter four describes the synthesis of a-Ni(0H)2 by co-precipitating nickel(II) 
acetate with urea by hydrothermal method. Different nickel precursors were 
examined and their properties were studied. 
Chapter five is the conclusion part of this thesis. 
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Chapter Two 
Solvothermal and Hydrothermal template free synthesis of 
ZnO Microspheres 
2.1 Introduction 
Zinc oxide (ZnO) is an important type II-VI semiconductor with wide bandgap 
energy (3.37 eV) and high exciton binding energy (60 meV)] ZnO has been 
extensively studied because of its various applications such as laser diodes in blue 
and ultraviolet region,^ a transparent material for electronic circuits, as cheap 
alternative for Indium Tin Oxide (ITO) when doped with Aluminum or Gallium, 
solar cells,5 sensors^ and photocatalysis/ Over the past decade, ZnO with unique 
morphologies and sizes have been prepared by different methods and their 
size-dependent properties have been studied. Several fabrication approaches have 
been developed including chemical vapor deposition (CVD), soft-chemistry, and 
patterned-seeded growth on substrates. 
Chemical vapor deposition (CVD) methods and metal organic chemical deposition 
method (MOCVD) involve harsh experimental conditions such as high reaction 
temperature (above 400°C) and template removal by etching with concentrated acid 
or alkaline solutions. Another common approach is to use surfactants, regular or 
23 
reverse micelle as templates or regulating agents to facilitate crystal growth. 
Yan et al^ reported the synthesis of tetrapods and dentrites of ZnO with CVD by 
varying the growth time and the ratio between zinc vapor pressure and oxygen 
partial pressure. Zhang et al.^ prepared flowerlike ZnO nanostructure by 
surfactant-assisted (Cetyltrimethylammonium Bromide) hydrothermal process. 
Zheng et al.^^ found that doping ZnO with silver nanoparticles enhanced the 
photocatalytic activity by promoting the separation of photogenerated electron-hole 
pairs. Joo et al}^ found that the ZnO nanocrystals showed near band-edge excitonic 
emission at about 380 nm and yellow-green band emission at around 500 nm. 
Herein, I report a template-free synthesis method. Without adding surfactants or by 
any templates, microspherical ZnO was prepared by precipitating zinc(II) acetate 
(Zn(Acc)2) with urea. The effects of gallium and silver on the photoluminescence 
and photocatalytic properties are discussed in this chapter. 
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2.2 Experimental section 
2.2.1 Synthesis of ZnO microspheres by solvothermal method (ZnO-ST) 
Chemical reagents including urea (NH2CONH2, Acros), zinc(II) acetate (Zn(II) 
(02CCH3)2, Acros), ethylene glycol (HOCH2CH2OH, Aldrich) and benzyl alcohol 
(C6H5CH2OH, Acros) were used as received without further purification. 1 mmol of 
Zn(II)(02CCH3)2 was dissolved in a mixed solvents of 2 ml ethylene glycol and 8 
ml of benzyl alcohol under magnetic stirring at room temperature (25°C). Then 1 
mmol of urea was added into the mixture and stirred for 15 minutes. The solution 
was than transferred into a Telfon lined stainless steel autoclave, sealed and heated 
at 180°C (ramping rate 5°C min'') for 72 hours. The resulted pale brown solids 
were collected by centrifugation, washed with deionized water and absolute ethanol 
to remove the residual ions. Finally, the pale brown product was dried at 80°C in 
vacuum overnight. A series of samples in different volume ratio of ethylene glycol 
to benzyl alcohol (1:4, 1:1 and 4:1); various concentrations of urea (2, 4 and 8 
mmol) and zinc acetate (2, 4 and 8 mmol) were prepared for comparison. 
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2.2.2 Synthesis of ZnO microspheres by hydrothermal method (ZnO-HT) 
The experimental procedure is similar to the solvothermal method except that 
deionized water (D.I. water) was used instead of benzyl alcohol. Samples with 
different volume ratio of D.I. water to ethylene glycol (1:0，5:1, 1:1, 1:5, 0:1) were 
prepared. 
2.2.3 Doping ZnO microspheres with silver or Gallium by solvothermal 
method 
The experimental procedure is the same as described in section 2.2.1 with the 
additions of different amounts (2, 4, 8, 10% mol) of silver acetate (Ag(02CCH3), 
Acros) and gallium nitrate hydrate (Ga(N03)3 XH2O, Aldrich). 
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2.2.4 Characterization 
Powder X-ray diffraction data were recorded by a Bruker D8 Advance X-ray 
diffractometer with Cu Kai irradiation (?i=1.5406A) at scanning rate of 0.05° per 
second. The crystalline size was estimated by applying the Scherrer equation (L 
=KX/ pcosG), where L is crystal size, X is the wavelength of the X-ray irradiation 
(0.15406nm), K is taken as 0.9 for spherical particle, f> is the peak width at 
half-maximum height after subtraction of the instrumental line broadening using 
silicon as standard, and 0 is the Bragg angle. 
Scanning electron microscopy (SEM) measurements were carried out on a LEO 
1450VP scanning microscope to investigate the morphology of samples. 
Transmission electron microscopy (TEM) and high resolution transmission electron 
microscopy (HRTEM) images were recorded on a Tecnai 20 FEG microscope. A 
trace amount of sample was suspended in absolute ethanol, followed by sonication 
for dispersion for about 10 minutes. Carbon-coated copper grids were used as the 
sample holders. 
Infrared spectra of the products were obtained using a Nicolet Magna 560 FT-IR 
spectrophotometer in the range of 400 to 4000 cm"'at a resolution of 4 cm"'. Each 
sample was mixed with KBr in the ratio of 1: 50 and then pressed into a thin pellet. 
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Nitrogen adsorption-desorption isotherms were collected at 77 K using 
Micromeritics ASAP 2010 equipment (BET and BJH models, respectively, for 
specific surface area and porosity evaluation). All the samples were degassed at 
125°C and 10"^  torr for 24 hours prior to measurements. 
Surface composition was determined by X-ray photoelectron spectroscopy (XPS) 
using a PHI Quantum 2000 XPS system with a monochromatic A1 Ka source and a 
charge neutralizer. All the binding energies were referenced to the C Is peak at 
284.8 eV of the surface adventitious carbon. 
Photoluminescence (PL) measurements were carried out at room temperature using 
Xeon Lamp (?i=344nm) as the excitation source. 
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2.2.5 Measurement of photocatalytic activity 
20 mg of the as-prepared ZnO was suspended in 50 ml of Methylene blue (10 ppm) 
aqueous solution. The mixture was stirred for 30 minutes in the dark to attain 
equilibrium adsorption on the surface of the catalyst prior to illumination. The 
mixture was then put into a pyrex container with circulating water for cooling. 
UV-irradiation was carried out with a 300W high-pressure Hg lamp cooled by 
surrounded-circulating water. In between the irradiation, 2 ml of the reacting 
solution was taken at certain time interval and the catalyst was separated by 
centrifugation with 10000 rpm. The degradation rate was measured with a Gary-500 
UV/Visible spectrometer (measuring the Methylene blue absorption at 632 nm). 
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2.3 Results and Discussion 
2.3.1 X-Ray Diffraction Analysis 
2.3.1.1 ZnO-HT and ZnO-ST 
Figure 2.1 shows the XRD spectra of ZnO-ST and ZnO-HT. The peak patterns of 
both can be indexed to zincite hexagonal ZnO structure (JCPDS card No.36-1451) 
with cell parameters a = 3.248A and c= 5.206A. No peaks for impurities are 
observed. By the Scherrer's equation,'^ the average crystal size of ZnO is estimated 
form the X-ray spectral peaks as follows: 
L = K?i /Bcose 
Where L is the average crystal size, K a numerical constant for spherical 
samples=0.9, X the wavelength of the incident x-rays, B the full width at half 
maximum height of the spectral peak in radian and 0 the diffraction angel of the 
(101) peak of the hexagonal phase. 
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Figure 2.1 The wide-angle powder X-ray diffraction spectra 
of (a) ZnO-HT and (b) ZnO-ST. 
Figure 2.2 shows that the XRD patterns of the as-prepared ZnO-HT after successive 
calcinations at 400°C and 600°C respectively. It is noted that the intensity of peak 
increase sharply after calcined at high temperatures, indicating the crystallinity of 
the ZnO structure improved. Table 2.1 shows there is no obvious change in the 
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Figure. 2.2 XRD spectra of (a) as-prepared ZnO-HT; 
after successive calcinations at (b) 400�C and (c) 600°C. 
Table 2.1 Summary of crystallite sizes of ZnO-HT calcined at consecutive 
temperatures 
Sample Calcination temperature (�C ) Crystalline size (nm) 
a As-prepared 21.4 
b 400 23.9 
c 600 22.6 
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2.3.1.2 ZnO-ST: Effect of concentrations of Zn(Acc)2 
In order to study the effect of concentration of Zn(Acc)2 towards the size of 
ZnO-ST, different concentrations of Zn(Acc)2: 1, 2, 4 and 8 mmol were added in 
the experiments. Figure 2.3 and Table 2.2 show the size of ZnO-ST increases with 
increasing concentration of Zn(Acc)2. 
2 3 4 5 6 7 8 9 
Concentration of Zn(Acc), (mmole) 
Figure 2.3 Crystallite sizes of ZnO change with concentration 
of Zn(Acc)2. 
Table 2.2 Summary of crystallite sizes of ZnO-ST with different 
concentrations of Zn(Acc)2. 
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Figure 2.5 shows the XRD patterns of Ga doped ZnO-ST (Ga:ZnO) at 2, 4，8，10% 
mol concentration. All samples show the zincite structure but no pattern of zinc 
gallate (ZnGaaCU) is observed in the XRD spectra. The peaks indexed with arrows 
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Figure 2.4 XRD spectra of (a) undoped ZnO-ST; Ag:ZnO-ST: (b) 2%, (c) 
4%, (d) 8% and (e) 10%. The indexed peaks are corresponding to Ag while 
others from ZnO. 
2.3.1.3 Doping ZnO-ST with Silver or Gallium 
Figure 2.4 illustrates the XRD patterns of the ZnO:Ag products. The XRD patterns 
show the presence of the ZnO and Ag phases. The ZnO and Ag phases matched 
their JCPDS cards nos. 36-1451 and 87-0717 respectively. (The lattice structure of 
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Figure 2.5. XRD spectra of Ga:ZnO-ST with (a) 2 %，(b) 
4%, (c) 8% and (d) 10% Ga. 
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are anonymous and their intensity increase with the rise of doping concentration of 
Ga. The absence of ZnGa204 in the Ga doped ZnO-ST may relate to the low 
reaction temperature (180°C) for the preparation of Ga:ZnO-ST.'^ 
( n d )
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2.3.2 SEM study 
2.3.2.1 SEM ofZnO-HT and ZnO-ST 
The sizes and shapes of the ZnO-HT and ZnO-ST were studied by SEM. As shown 
in Figures 2.6a and 2.6c, the products of ZnO-HT and ZnO-ST consist of 
monodisperse ZnO spheres and their diameters are about 3-5 [im and 1-1.2 \im 
respectively. Figures 2.6b and 2.6d show the surface of products synthesized by 
hydrothermal method is smooth while the others by solvothermal method rough. 
Figure 2.6 SEM images of (a) ZnO-HT and (c) ZnO-ST. (b) and (d) the magnified 
images of ZnO-HT and ZnO-ST respectively. 
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2.3.2.2 SEM of ZnO-HT - different volume ratios of ethylene glycol to water 
Figure 2.7 shows the images of ZnO-HT prepared by different volume ratios of 
water to ethylene glycol. It is observed that the morphology of the products depends 
on the H2O/EG ratio. For 1:1 (EG:D.I water), some plate/flake-like structure is 
observed. Increasing the ratio to 3:1, hemispherical product is obtained. When ratio 
is 5:1, spherical ZnO is produced. When only water or ethylene glycol is present, 
only plate like structure and irregular nano-sized ZnO is obtained respectively. 
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Figure 2.7 SEM images of products prepared at different EG:H20 ratios: (a) 1:1, (b) 
3:1 and (c) 5:1 respectively, (d) in water or (e) ethylene glycol only. 
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2.3.2.3 SEM ofZnO-ST 
A series of SEM images are shown as follows for studying the effects of urea 
concentration, zinc acetate concentration, and ratio of benzyl alcohol to ethylene 
glycol on the shape and size of ZnO particles. One condition was varied at a time 
while the other experimental parameters were fixed to allow systematic 
comparisons. 
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2.3.2.3.1 ZnO-ST-Different volume ratios of benzyl alcohol to ethylene glycol: 
Figure 2.8 shows the SEM images of the ZnO products prepared with different 
ratios of benzyl alcohol (BA) to EG. When the ratios and 1:1, the products 
aggregate together. Increasing BA in the mixed solvent to a ratio of 4:1, 
monodisperse spherical products are obtained. It shows that the ratio of BA to EG 
affects the morphology of ZnO products. 
I MAG = 5.00 KX DM» :1 F«b 2009 ^O i^m MAG^ 5.00 KX Dita :1 F«b200S 
I I EHT “ 20.00 kV WO- 15 mm Photo No. • 2990 Tim•；12:06:33 I 1 EHT - 20.00 kV WD> 15mm Photo No. > 202S Tkn«;11«9K>2 
� 1 : (b) 1:1 
(c)4:l 
Figure 2.8. SEM images of ZnO-ST synthesized at different BA:EG ratios: (a) 1:4, 
(b) 1:1 and (c) 4:1. 
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2.3.2.3.2 Different concentrations of zinc acetate: 
A series of SEM images in Figure 2.9 show the effect of zinc acetate concentrations 
on the shape and size of the ZnO particles. All other conditions were the same as 
mentioned in the experimental section. By increasing the concentration of zinc 
acetate form 2 to 8 mmol while keeping urea at 1 mmol, products with no specific 
morphologies are observed. 
Figure 2.9 SEM images of ZnO-ST prepared with different concentrations of 
Zn(Acc)2 (a) 2 mmol, (b) 4 mmol and (c) 8 mmol. 
41 
2.3.2.3.3 Different concentrations of urea: 
To study the effect of urea on the shape and size of ZnO products, the urea 
concentration was varied between 2 mmol to 8 mmol while the concentration of 
zinc acetate was kept at 1 mmol. A series of SEM images in Figure 2.10 illustrate 
the variation of morphologies with respect to the increase of urea concentration. 
With 2 mmol urea, spherical products with various diameters were observed. 
Further increasing the urea concentration to 4 mmol or 8 ' mmol, the spherical 
morphology disappears and "feather-like" particles are obtained. As observed in 
Figure 2.10，no specific morphology is observed in the absence of urea. 
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Figure 2.10 SEM images of ZnO-ST prepared with different concentrations of urea: 
(a) 2 mmol, (b) 4 mmol and (c) 8 mmol; (d) 0 mmol. 
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2.3.3 TEM Study 
2.3.3.1 TEM and HRTEM of ZnO-HT 
b 
Figure 2.11 (a) TEM , (b) HRTEM images of ZnO-HT with (c) its corresponding 
SAED pattern. 
Figure 2.11a shows TEM image for ZnO-HT with a diameter around 3 to 4 \im. 
Figure 2.11b shows the HRTEM image for ZnO-HT. The [0001] fringes parallel to 
the growth direction are separated by 0.53 nm which agree with the XRD results. 
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The corresponding selected area electron diffraction (SAED) pattern (Figure 2.11c) 
reveals the polycrystalline nature of ZnO-HT. 
2.3.3.2 TEM and HRTEM ofZnO-ST 
Figure 2.12a shows the diameter of ZnO-ST varies from 0.6 to 1.2 \im. Figure 
2.12b shows the HRTEM image of ZnO-ST. The spacing between the [002] planes 
is around 0.26 nm which is similar to the literature value.i4 The HRTEM results 
show that the growth direction [002] of the attached nanopaiticle is different from 
that of the bulk particles. As revealed in the XRD results, the most intense peak is 
[0001]. Selected area electron diffraction (SAED) pattern confirms the 






Figure 2.12 (a) TEM, (b) HRTEM images of ZnO-ST and (c) low magnification 
TEM image with the corresponding SAED pattern. 
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2.3.3.3 TEM images of Ga-doped ZnO-ST 
Figures 2.13a to 2.13d show the TEM images ofZnO-ST doped with: 2%, 4%, 8% 
and 10% of Ga respectively. It is observed that the average diameter of the products 
decreases from about 500 nm to around 200 nm as the doping concentration 
increases and the morphology changes from spherical to flower-like structure. It is 
similar to the results founded by Pal et al.^^ that the morphology of product was 
distorted with increasing dopant concentration. • 
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a 
200 nm 500 nm 
Figure 2.13 TEM images of Ga doped ZnO: (a) 2%, (b) 4%, (c) 8% and (d) 
10%. 
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2.3.3.4 TEM images ofAg-doped ZnO-ST 
Figures 2.14a to 2.14d show the TEM image of Ag-doped ZnO-ST with different 
mole percentage of dopant: 2%, 4%, 8% and 10 % respectively. It is observed that 
the spherical morphology of the product is lost as the doping concentration 
increases and the products tend to form aggregates.'^ 
I P 攀 
500 nm 500 nm 
500 nm ^ ^ ^ » 0 nm 
Figure 2.14 TEM images of Ag doped ZnO: (a) 2%, (b) 4%, (c) 8% and (d) 10 %. 
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2.3.4 Nitrogen adsorption-desorption 
The representative N2 adsorption-desorption isotherm and BJH pore size 
distribution of ZnO-ST and ZnO-HT are presented in Figure 2.15a and 2.15b Both 
isotherms of ZnO-ST and ZnO-HT show type IV characteristics. The BET specific 
surface area and average pore size of ZnO-ST are 3.83 m^g"' and 24.12 nm while 
those of ZnO-HT are 2.63 m^g'' and 25.46 nm. 
Table 2.3 BET surface areas and pore parameters of ZnO-ST 
and ZnO-HT 
Sample Sbet" (m^g'^) Vb (cm3 g-i) Dbjh" (nm) 
ZnO-ST 3.83 0.021 24.12 
ZnO-HT 2.63 0.014 25.46 
a BET surface area calculated from the linear part of the BET 
plot 
b Total pore volume, taken from the volume of N2 adsorbed at 
P/Po=0.995 
c. Average pore diameter, estimated using the desorption 
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2.3.5 X-ray Photoelectron Spectroscopy 
2.3.5.1 XPS study ofZnO-ST 
The surface structure of the as-prepared ZnO-ST was also investigated by using 
XPS analysis, and the corresponding results are shown in Figure 2.16a. All the 
peaks on the spectra can be ascribed to Zn and O which is in good agreement with 
the XRD results. The peak at 284 eV corresponding to the surface contaminant CO2 
when the sample was exposed to the atmosphere. Figure 2.16b and 2.16c display 
the high resolution spectra of Zn and O species. In Figure 2.16b, the O Is profile is 
asymmetric indicating the presence of two different kinds of O species. By 
Gaussian fitting, the peak can be deconvoluted into two symmetrical peaks locating 
at 530.7 and 532.0 eV. These are associated with the lattice oxygen of ZnO and the 
chemisorbed oxygen caused by the surface hydroxyl group respectively. The peak 
at 1022.0eV in Figure 2.16c is symmetric and can be attributed to Zn 2p3/2.'^  
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Figure 2.16 (a) XPS survey scan of ZnO-ST spheres. 
I 1022 1024 
Intensity (a.u.) 
Figures 2.16 (b) and (c) High resolution XPS spectra 
of O Is and Zn 2P3/2 respectively. 
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2.3.5.2 XPS study of ZnO-HT 
In Figure 2.17, the as-prepared ZnO-HT shows similar XPS spectra as the ZnO-ST. 
The survey spectrum in Figure 2.17a shows only peaks for Zn, O and C. The peak 
of C Is at 284eV can be attributed to CO2 absorbed on the surface of the sample. 
High resolution spectra of ZnO-HT are shown in Figure 2.17b and 2.17c The 
binding energy at 1021.8eV can be indexed to Zn 2P3/2. By Gaussian fitting, the 
spectrum of O Is was resolved into two peaks locating af530.7eV and 531.6eV 
respectively. The peak at 530.7eV is associated with the O "^ in the lattice of ZnO 
with the full complement of neighbor The peak at 531.6eV is associated with 
O^' in the oxygen deficient environment in the ZnO ma t r ix . 
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Figure 2.17 (a) XPS survey scan ofZnO-HT. 
524 526 528 530 532 534 536 538 540 
Binding energy (eV) 











« CO N 
( n . e )
 A l l s u ^ l u l 
• T O ) 
01s C Li • e ) 营 s l u l 
2.3.5.3 XPS study of Silver doped ZnO-ST 
Figure 2.18a is the XPS spectrum of 2% Ag:ZnO. The peaks at 374.1eV and 
368.leV are attributed to Ag3d5/2 and Ag3d3/2. The spectra and binding energies 
with respect to Ag3d5/2 and Ag3d3/2 for the other doping concentration samples are 
listed in Figure 2.18b to 2.18d and Table 2.4. For 4% AgiZnO, it is noted that the 
peaks shift to lower binding energies as compared with the value listed in the 
1 n 
literature (Ag 7>&sii : 368.3 eV; Ag Mm： 374.3eV). This suggests that the electron 
density of Ag in 4% Ag:ZnO is decreased. This phenomenon can be explained by 
the interaction of Ag with ZnO. The work function of ZnO is larger than Ag so the 
Fermi level of ZnO is lower than that of Ag. Because of the difference in their 
Fermi levels, this induces a flow of electrons from Ag to ZnO until equilibrium is 
attained and a new constant Fermi level is formed.^^ For the 10% Ag:ZnO, the 
intensity of Ag 3d3/2 and Ag ？idsn peaks are low indicating the samples were poorly 
doped. 
Table 2.4 Ag 3d3/2 and Ag 3d5/2 binding energies of Ag:ZnO-ST 
samples with different doping concentrations. 
Doping concentration 
(mole o/o) 
Binding energies (eV) 
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(c) 8% Ag:ZnO-ST 
Figure 2.18 High resolution XPS spectra of Ag-doped ZnO-ST with different 
doping concentrations. 
57 
384 382 380 378 376 374 372 370 
Binding energy (eV) 
(a) 2% Ag:ZnO-ST 
380 378 376 374 372 37 
Binding energy (eV) 
(b) 4%Ag:ZnO-ST 
A93d, 
A . / 
V y V 
1 
• n . e )
 A i ! s u ①
 1 
• e ) A j j s u a j u i 
• I r r o ) 
2.3.5.4 XPS study of Gallium doped ZnO-ST 
High resolution XPS spectra of Ga:ZnO are shown in Figure 2.19. All samples have 
the Ga 2p3/2 binding energy ranging from 1118.3eV to 1118.4eV which is in good 
agreement with the reported values.^^ This suggests that Ga exists as Ga^^ in the 
ZnO matrix and is believed to have substituted Zn^^ in the lattices because of the 
similarity in their radii 13 
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Figure 2.20 FT-IR spectra of (a) ZnO-HT and (b) ZnO-ST. 
The spectrum of ZnO-ST shows one broadband at 3438cni'^ which corresponds to 
the hydroxyl (0H") groups of surface water. Below 550cm'\ the characteristic 
stretching frequency of Zn-0 bonds in zinc oxide is observed. The peaks at 1500 
and 1380 cm'^  correspond to the stretching vibrations of C=0 and C-0 of 
carboxylic groups on the surface of Z n O - S T . ^ T h e s e carboxylic groups 
originated from the reagent zinc acetate. As shown in Figure 2.20, ZnO-ST has 
more surface adsorbed water than ZnO-HT does. This is because of its rough 
surface and larger surface area .The weak peak at 2920 cm"^  can be attributed to the 
-CH2- group in the hydrocarbon moiety which comes from the organic residue of 
the reaction. 
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2.3.7 Photocatalytic activity on degradation of Methylene Blue 
Methylene blue (MB) was used as a representative organic pollutant to evaluate the 
photocatalytic performance of the ZnO-ST and ZnO-HT microspheres. In the 
experiments, the commercial TiO: (Degussa P-25) was used as a photocatalytic 
reference to compare the photocatalytic activity of the as-prepared ZnO materials. 
In Figure 2.21a shows the photocatalytic activities of ZnO-ST, ZnO-HT, P-25 TiOi 
and that of a sample blank. Co and C are the initial concentration after equilibrium 
adsorption and the reaction concentration of MB respectively. The degradation of 
MB through photolysis is very slow. ZnO-HT exhibits higher photocatalytic 
activity than ZnO-ST and has a comparable activity as P-25 Ti02. The complete 
decolorization of MB over P-25 and ZnO-HT is less than or equal to one hour 
which is an hour shorter than the required time for ZnO-ST. The higher 
photocatalytic activity of ZnO-HT can be related to its better dispersion in the 
aqueous reaction medium. The photocatalytic mechanism can be explained as 
follows: when UV light with energy higher than the bandgap energy of ZnO, 
electrons are excited from the valence band to the conduction band, "holes" are 
generated on the surface of ZnO particles. The generated electron holes can react 
with water to form hydroxyl radicals ("OH), giving out electrons that are accepted 
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by oxygen to form superoxide radical anions (O2.). The O2. radicals react with water 
to form OH" that degrade Methylene blue by its powerful oxidation ability. 23 
0.5 0 0 . 5 Time (hr) 
ZnO-HT 
ZnO-ST 
Photolysis 5 2 p 
•5 2 
Figure 2.21(a) The degradation of 10 ppm Methylene Blue aqueous solution with 
different photocatalysts. Experimental conditions are listed in Section 2.2.5. 
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Figure 2.21(b) UV-visible spectra of the photocatalytic activity for (i) Photolysis, (ii) 
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2.3.8 Proposed formation mechanism for ZnO-ST 
In order to investigate the formation mechanism of ZnO-ST, the reaction solution 
after solvothermal process was collected. Then the solution was centrifuged to 
remove inorganic particles, diluted with absolute ethanol to about O.IM (~50ppm) 
and subjected to gas-chromatography mass spectrometry (GC-MS) analysis. From 
the chromatograph (Figure 2.23), benzyl acetate was found to be the major 
by-products. Thus, we propose that the reaction between zinc acetate and benzyl 
alcohol occurs via the organic reaction pathway: nucleophilic attack of the zinc 
acetate by lone pair electrons in hydroxyl group of benzyl alcohol. Figure 2.22 
shows the proposed formation mechanism of ZnO-ST via the organic reaction 
pathway: ester elimination.^'^ 
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Figure 2.23 (a) Chromatogram of the reaction filtrate. Figure 
2.23(b) the magnified part of Figure 2.23(a). The peaks labeled 
with numbers corresponding to the structures shown in Table 
2.6. 
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Table 2.6 Summary of the by-products found in the filtrate after solvothermal reaction. 
Retention 




o / 3 、 o 
B 
2.3.9 Proposed formation mechanism for ZnO-HT 
The proposed reaction between urea and zinc acetate is shown in Scheme 2.1. Urea 
provides a steady supply of OH" by hydrolysis.25 It is decomposed into CO2 and 
NH3 during heating in autoclave. Ammonia is hydrolyzed and OH' is produced. 
OH" reacts with Zn(II) ions in the solution to form Zn(0H)2. Zn(0H)2 undergoes 
further reaction to form ZnO. In the control experiment, when no urea is added, no 
ZnO is found. From the SEM images, it is observed that the ZnO-HT microspheres 
comprised of ZnO nanoparticles and the superstructure of ZnO-HT 
microspheres are formed by the aggregation of these nanoparticles to reduce total 
surface energy 29,27 
Scheme 2.1 Proposed reaction pathway for the formation for ZnO-HT. 
Hydrolysis of Urea: 
H2NCONH2(s) + H20(1) 2NH3(g) + COzCg) 1 
C02(g) + H20(1) — COs^Xaq) + 2H+(aq) 2 
NHsCg) + H20(1)+ NH4+(aq) + 20H_(aq) 3 
H2NCONH2(s) + H 2 O � N C O - ( a q ) + NH4+(aq) 
Steady supply of OH" 
Zn2+(aq) + 20H_(aq) + Zn(0H)2 (aq) 
2Zn(OH)2(aq)+ 2ZnO(s) + 2H2O (1) 
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2.3.10 Optical property of ZnO microspheres 
The room temperature PL spectra of the as-synthesized ZnO-ST and ZnO-HT are 
shown in Figure 2.25. ZnO-HT and ZnO-ST emit strong narrow UV light at 382 nm 
(3.24 eV) and 383 nm (3.24 eV) and weak blue light at 466 nm (2.66 eV) and 464 
nm (3.67 eV) respectively. Weak and broad green emissions are both observed at 
526 nm (2.36 eV) for ZnO-HT and ZnO-ST. It is known that the UV emission 
originates from the excitation recombinant ion corresponding to the band-edge 
emission of ZnO?^ The emission at 464 nm can be assigned to the recombination of 
，Q 
an electron from interstitial Zn site with a hole in the valence band. The peak at 
526 nm is attributed to the recombination of a electron in the singly ionized oxygen 
vacancy with the photogenerated 
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Figure 2.25 PL spectra of (a) ZnO-HT and (b) ZnO-ST. 
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Figure 2.26 PL spectra of Ag doped ZnO-ST (a) 2%, (b) 4%, (c) 
8%, (d) 10%. 
In Figure 2.26, the PL spectra of Ag doped ZnO-ST (Ag:ZnO-ST) with different 
doping concentrations are shown. Peaks at 418 nm and 454 nm are observed in 
Ag:ZnO-ST.3i This is from silver or defect level transition, 31 
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Figure 2.27 PL spectra of Ga doped ZnO-ST (a) 2%，(b) 
4%, (c) 8% and (d) 10%. 
In Figure 2.27, the weak emission at 431nm comes from zinc gallate (ZnGaaCU) in 
the heavily doped ZnO-ST sample (10% mole).^^ The blue emission (431nm) is 
attributed to the self-activation centre of the octahedral Ga-0 groups in the 
ZnGa204 spinel lattices. It is suggested in the literature that the Ga^^ ions combine 
with electrons from oxygen vacancies under UV.^ ^ The other Ga-doped samples 
show similar spectra as the undoped ZnO-ST. No obvious shift in emission is 
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2.4 Conclusion 
Microspherical ZnO has been synthesized by solvothermal and hydrothermal 
methods without using any templates through a facile one-pot process under a mild 
reaction condition at 180°C. The ratio of EGiD.I. water and EG: BA is crucial for 
the morphology control of ZnO-HT and ZnO-ST respectively. The size of product 
increases with concentration of Zn(Acc)2 for ZnO-ST. From SEM and TEM 
analyses, the diameters of ZnO-ST and ZnO-HT are found to be around 0.6 -1.2 
and 3-4 |Lim respectively. ZnO-HT shows photocatalytic activity comparable to 
commercial P-25 TiO!. TEM images shows that the morphologies of AgiZnO and 
Ga:ZnO change with Ag and Ga doping concentrations. XPS and XRD results 
shows Ag:ZnO-ST and Ga:ZnO were successfully prepared without the formation 
of other composite materials. The room temperature PL spectra shows ZnO-ST and 
ZnO-HT feature luminescence peaks at around 383nm and 464nm and 526nm 
corresponding to the near band gap exciton recombination, electrons flow from 
interstitial Zn defects and singly ionized oxygen vacancies to the photogenerated 
holes respectively.The PL spectra show peaks at 415nm which is ascribed to the 
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Synthesis of hierarchical porous Lithium Niobate 
submicrometer rods 
3.1 Introduction 
Lithium niobate (LiNbOs) is a man made dielectric material which was first 
synthesized by Zachariasen^ in 1928. It began to attract attention when its 
ferroelectric property was discovered^ and large single crystal with good 
homogeneity was produced by Ballman and Fedulov.^ Nowadays, LiNbOs is one of 
the most extensively studied optical materials because of its unique physical 
properties: rapid non-linear optical response, low switching power, broad 
conversion bandwidth, high Curie temperature, refractive index and wide 
transparency range，，； A detailed review was given by Weis and Gaylord^ about the 
physical properties and structure of LiNbOs. The mentioned properties make 
LiNbOa a promising material for sensor arrays, piezoelectric antenna arrays, 
optoelectronic, electronic devices and waveguidesRecent ly , LiNbOa has been 
found as a novel material for hydrogen production and photocatalyst under 
ultraviolet irradiation.^'^® 
Conventionally, LiNbOs was synthesized by Czochralski growth from melting 
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lithium carbonate and niobium pentoxide by the reaction path as follows:'' 
Li iCOs + Nb205 今 2 L i N b 0 3 + CO2 
As the melting point of LiNbOs is about 1260°C, this technique require large 
amount of energy to maintain the synthesis condition" Other fabrication 
approaches including the molten nitrate pathway reported by Afanasiev.^^ Zeng and 
Tung tried to lower the synthesis temperature by a sol-gel method employing a new 
precursor system with niobium ethoxide-lithium nitrate, 2-propanol, acetylacetone 
and water. 14 Inverse artificial opals made of LiNbOs were reported by templating 
colloidal crystals of polyelectrolyte-coated spheres]5 By using a self-synthesized 
Lithum[tetraethoxy( 1-phenyl-l，3-butanedione)Niobate], 16 Zhao et al. synthesized 
LiNbOs microtubes within a silicon template by repeating a 
wetting-crystallization-cooling cycle.Nanoparticles of LiNbOs were synthesized 
by matrix-mediated method: precursors are confined in (a) 
D-sucrose/polyvinyalcohol matrix (sugar-PVA), (b) activated carbon and (c) 
mesoporous cross-linked polystyrene. Crystallization occurred during calcination 
and the matrix was r e m o v e d ” The above methods usually produce LiNbOs powder 
but products with novel structures or morphology are rarely reported. So it is a 
challenge to fabricate LiNbOs with morphology control. 
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We adopted the synthesis method reported elsewhere'^ and discovered a metastable 
state of LiNbOs with novel hollow rod-shape morphology. Herein, I report the 
synthesis of thermally stable submicrometer LiNbOs rods by a water-in-oil 
microemulsion system with hexadecyltrimethylammonium bromide (CTAB) as 
template. To the best of our knowledge, this kind of rod-shape LiNbOs has not been 
reported before. 
3.2 Experimental 
Chemical reagents including niobium(V) oxide (Nb】。，，Acros), lithium hydroxide 
monohydrate (LiOHHaO, Acros), Hexadecyltrimethylammonium bromide 
(CH3(CH2)i5N(Br)(CH3)3’ Acros), sodium dioctyl sulfosuccinate, Tokyo Chemical 
industry), Pluronic® PI23 (HO(CH2CH2O)2(r(CH2CH(CH3)O)7�-(CH2CH2O)20H， 
BASF), hydrofluoric acid (HF 48 wt.% in H2O, Aldrich), ethylene glycol 
(HOCH2CH2OH, Aldrich); ammonia solution (NH3 30 wt% in H2O) were used as 
received without further purification. 
1 mmol of NbzOs was dissolved in 4ml of HF (40 wt%) by sonication for 30 
minutes. NH3 (25 wt%) was added until complete precipitation of white powder 
(-20-25 ml). Then the white powder was filtered out and washed with D.I. water 
several times to remove the residual acid and dried in air at room temperature 
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overnight. The as-obtained white powder was mixed with 1 mmol of LiOH H2O in 
1.6 ml D.I. water and 0.2 mmol of CTAB in 8 ml of ethylene glycol. The mixture 
was stirred and put into a Telfon-lined stainless steel autoclave and heated up to 
200°C for 72 hours (ramping rate = 5°C min"^). The white powder was collected by 
centrifuge, washed with absolute ethanol several times and dried in vacuum at 80°C 
overnight. 
3.2.1 Characterization 
Powder X-ray diffraction was conducted over a Bruker D8 Advance X-ray 
diffractometer with Cu Kai irradiation (?i=1.5406A) at scanning rate of 0.05° per 
second. Scanning electron microscopy (SEM) measurements were carried out on a 
LEO 1450VP scanning microscope to investigate the the morphology of samples. 
Transmission electron microscopy (TEM) and high resolution transmission electron 
microscopy (HRTEM) images were recorded on a Tecnai 20 FEG microscope. A 
trace amount of sample was suspended in absolute ethanol, followed by sonication 
for dispersion for about 5 minutes. Carbon-coated copper grids were used as sample 
holders. 
Nitrogen adsorption-desorption isotherms were collected at 77K using 
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Micromeritics ASAP 2010 equipment (BET and BJH models, respectively, for 
specific surface area and porosity evaluation). All the samples were degassed at 
125°C and 10'^  torr for 24 hours prior to measurements. 
Surface composition was determined by X-ray photoelectron spectroscopy (XPS) 
using a PHI Quantum 2000 XPS system with a monochromatic A1 Ka source and a 
charge neutralizer. All the binding energies were referenced to the C Is peak at 
284.8 eV of the surface adventitious carbon. 
3.3 Results and Discussion 
3.3.1 X-ray Diffraction Analysis 
Figure 3.1 shows the XRD spectra of the samples produced by various reaction 
times at 180°C. The crystal phase is poor for sample reacted for 48 hours. However, 
its XRD pattern is completely different from that of NbsOs，suggesting that there 
was reaction between L i O H H i O and NbzOs. Among the 4 samples, the one that 
reacted for 72 hours shows the highest peak intensity. 
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Figure 3.1 XRD spectra of the as-prepared LiNbOs at (a) 48 hrs, 
(b) 72hrs, (c) 96 hrs and (d) 120 hrs. 
Figure 3.2 shows the XRD spectra of the as prepared sample and samples after 
successive calcinations. For the as prepared samples, the phase composition of the 
product is amorphous because of the low reaction temperature (180�C). When the 
as-prepared sample was calcinized to 400°C, there is no obvious change in the XRD 
pattern and the product remains amorphous. However, further increasing the 
temperature to 500°C, the lithium deficient phase lithium triniobate (LiNbsOg) 
appears. When the temperature rises to 600°C, the intensity of the diffraction peaks 
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Figure 3.2 XRD spectra of (a) as-prepared LiNbOs rods after 
calcined at (b) 400°C, (c) 500°C and (d) 600°C. The peaks 
marked with asterisks corresponding to LiNbsOg. 
cations during high temperature treatment. The lithium cations can diffuse easily 









3.3.2 SEM study 
3.3.2.1 Surfactants dependent morphologies change 
The effect of different surfactants on the morphology of LiNbOs products was 
investigated. Figure 3.3a shows that the sample prepared without surfactant has no 
special morphology. When PI23 was introduced, the products are random in size 
and shape. However, when CTAB was used, submicrometer size spherical and 
rod-like structures are found. Flower-like structure was formed if SDS is used. It is 
found that the types of surfactant affect the morphology of the products. 
• J 
？> 
Figure 3.3 SEM images of products with or without surfactants: (a) without surfactant, 
(b) PI23 (0.087mmol), (c) CTAB (0.2 mmol) and (d) SDS (0.2mmol). 
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3.3.2.2 Concentrations ofCTAB ([CTAB]) 
As shown in Figure 3.4, the morphology of products changes with [CTAB]. 
Rod-like products were found only at 0.2 mmol. Microspheres with hierarchical 
structure were found in [CTAB] = 0.4 and 0.8 mmol. It is observed that further 
increasing [CTAB] to 1.6 mmol produces products with no specific morphology. 
^fHl MAG - 10.00 KX D « . : i e Aug 2007 ^ , MAG = 10.00 KX D * . 18 Aug 2007 
I 1 EHT • 20.00 M WO- 15mm Photo No. - 2961 Tim. :16:29:40 i 1 EHT-IOOOkV mD> tSimi Pholo No. ‘ 2«74 Tlm« :1807:49 
Figure 3.4 [CTAB]: (a) 0.2 mmol, (b) 0.4 mmol, (c) 0.8 mmol and (d) 1.6 mmol. 
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3.3.2.3 Time dependent morphologies change 
Figure 3.5a to 3.5d show the SEM images of the as-prepared LiNbOs products with 
different morphologies with respect to reaction time: Figure 3.5a shows the 
24-hours product, only random size nanoparticles are observed and there is clear 
aggegration. Figure 3.5b shows the submicrometer rods that were collected after 72 
hours. The diameters of the rods are about 1 |im with an aspect ratio of 1:11. The 
hierarchical structure of the products can be clearly observed in (b). In Figure 3.6, it 
is noted that the hierarchical rod-like structure is preserved after successive thermal 
treatments up to 600°C. After 96 hours, only spherical particles with a diameter 
around 1 |im are found. It is suggested that the rod like structure is one of the 
metastable states of LiNbOs. When the reaction time is 96 hours, the rod-like 
LiNbOs transform to spherical particles. However, further increasing the reaction 
time up to 120 hours does not cause further change in the morphology of the 
LiNbOs. 
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Table 3.1 Summary of products morphologies with different reaction time 









Figure 3.5. SEM images of LiNbOs (with 0.2mmol CTAB) prepared with different 
reaction time (a) 48 hrs, (b) 72 hrs, (c) 96 hrs and (d) 120 hrs. 
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Figure 3.6 SEM images of LiNbO� after calcination at (a) 400 °C, (b) 500�C and (c) 
600 °C. 
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3.3.3 TEM study 
Figure 3.7 and 3.8 show TEM and HRTEM images of the as-prepared LiNbOs 
mircospheres and submicrometer rods prepared at the optimized reaction 
temperature (180°C) and time (72 hours). In Figure 3.7a, the average diameter of 
the mircospheres is around 1 The inner part of the microsphere is lighter than 
the surrounding which confirms the hollow structure of the sample. The outer layer 
of the microsphere is a plate-like structure. The HRTEM image of the microsphere 
is shown in Figure 3.7b; the lattice phase is indistinguishable because of the 
amorphous nature of the sample. Figure 3.8a shows a rod-shaped LiNbOs. The 
microchannel observed during taking the TEM images are not obvious in Figure 
3.8a because of the limitation of the resolution of the photos. The amorphous nature 
of the rod-shaped products (Figure 3.8b) resembles the spherical ones as shown in 
the HRTEM images in Figure 3.7b. 
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Figure 3.7 (a) TEM and (b) HRTEM images ofLiNbOs microspheres. 
Figure 3.8 (a) TEM and (b) HRTEM images of LiNbOs submicrometer rods. 
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3.3.5 XPS analysis 
The surface composition and chemical state of LiNbOs were investigated by XPS. 
In Figure 3.9, Nb 3d, Nb 4s and O Is peaks were detected in a survey scan. 
However, the Li Is peak is missing, probably because of overlapping with the Nb 
4s peak. According to the literature, the Li Is and Nb 4s peaks are at 55.6eV and 
56 eV respectively.^^ In Figure 3.10，the O Is peak can be resolved into two peaks 
centre at 530.9eV and 532.1eV by Gaussian fitting. The peak at 530.9eV is 
associated with the O "^ in the lattice?"^ The shoulder peak at 532.leV can be 
ascribed to the surface adsorbed OH'.^^ In Figure 3.11, the Nb Myi and Nb Msn 
peaks are found at 210.5 eV and 207.91 eV respectively, in good agreement with 
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Figure 3.10 XPS high resolution spectrum of 
O Is. 
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Figure 3.9 XPS survey scan of rod-shaped LiNbOs. 
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Figure 3.11 High resolution spectrum of Nb 3d. 
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Figure 3.12 XPS high resolution spectra of Nb 4s. 
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Figure 3.13 Results from BET analysis of rod-shaped LiNbOs. 
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3.3.6 BET Analysis 
N2 adsorption-desorption isotherms and the corresponding BJH pore size 
distributions for LiNbOs rods are shown in Figure 3.13. It has a characteristic of a 
type IV isotherm with a type H3 hysteresis loop^^ indicating the presence of 
mesopores. The surface area of the as-prepared LiNbOs is 56.9 m^g"' and the 
average pore diameter is around 4 to 5 nm. The porous structure of the products can 
be attributed to the hierarchical surface and microchannel of the sample and agree 
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3.3.7 Proposed formation mechanism 
In our study, submicrometer rod-shaped LiNbOs is prepared in a microemulsion 
system with EG and water at ratio of 5:1 at 180°C for 72 hours with [CTAB] 
served as "soft template" for nucleation and growth of nano-scale crystals on the 
surface of the soft template. The above results indicate the rod-shaped products 
are formed in three steps: (i) formation of microemulsion by EG and water, (ii) 
CTAB micelle as "soft template" for nucleation of crystals, and (iii) hollowing of 
the interior of products by Ostwald ripening. 
3.3.7.1 Effect of microemulsion 
The optimum ratio of EG:D.I. water is 5:1. In this water in oil system, the 
surfactant CTAB orient their hydrophilic "heads" in the water droplet while leaving 
their hydrophobic "tails" in the surrounding environment (EG). When the 
concentration of CTAB is higher than the critical micelle concentration, they 
aggregate and form spherical reverse micelles as shown in Figure 3.15. 
Hydrophobic "tail" Hydrophilic "head" 
入 k 
Figure 3.14 Graphical representation of CTAB. 
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Figure 3.15 Reverse micelles of CTAB in water in oil system. 
3.3.7.2 Effect of CTAB 
When [CTAB] is much higher than CMC, all the micelle form as lamellar structure 
and this provide "soft template" for the nucleation of LiNbOs to take place. The 
nucleation takes place on the surface of the lamellar micelles and eventually leads 
to the formation of rod-shaped LiNbOs. The hollow structure of the micrometer 
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Figure 3.16 Schematic illustration of formation of rod-shaped soft template 
provided by CTAB in microemulsion system. 
3.3.7.3 Ostwald ripening 
At the beginning, the formation of tiny crystallite occurs in the supersaturated 
medium on the surface of rod-shaped micelle of CTAB. As the reaction continues, 
the concentration of reactants decreases and an equilibrium between the solid-liquid 
interfaces is formed but the crystallites in the interior part of the products is at non 
-equilibrium state. The inner crystallites thus have higher surface energies than the 
outer surface ones and they tend to dissolve and migrate outwards because of the 
attraction of the crystallites at the outer surface serve as nucleation seeding sites 28 
When further nucleation takes place on the surface, the core matter of microspheres 
or rods depleted and become hollow. By this progressive redistribution of matter 
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from the interior to the exterior of the products, the hollow LiNbOs structure is 
formed. 
C T A B rod -shape micel le 
Figure 3.17 Proposed formation pathway of hollow submicrometer rods via 
Ostwald ripening. 
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3.3.7.4 Formation ofLiNbsOg 
It has been reported that NbzOs acts like acid oxide to react with alkali LiOH H2O 
in a neutralization reaction and produces water as by-product?^ 
2LiOH H2O + NbzOs 2LiNb03 + 2H2O 
When the as-prepared rod-shaped LiNbOs were annealed at successive thermal 
treatment at temperatures up to 600°C，the XRD patterns changed into LiNbsOg. As 
has been reported in the literature, this Li-deficient phase is formed when the 
reaction temperature is high and Li cations evaporate from the sample? The 
reaction can be simplified as follows:^® 
3LiNb03 Li20 + LiNbsOg 
The above equation explains the appearance of LiNbsOg when the as-prepared 
samples are further calcined at 600°C. 
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3.4 Conclusion 
In summary, submicrometer microspheres and rod-liked structure were synthesized 
by a simple hydrothermal method via microemulsion with surfactant CTAB as a 
soft template. It was found that the submicrometer rod-like LiNbOs is a metastable 
state and is dependent on the reaction time and concentration of CTAB. The 
morphology of products can be modified by controlling the reaction time, types and 
concentrations of surfactant. The optimum condition for the synthesis of rod-like 
LiNbOs is 180°C and 72 hours with 0.2 mmol [CTAB]. Future work may include 
the introduction of heterometals to improve its functionality. 
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Flower-like a-Nickel Hydroxide synthesized by 
hydrothermal method 
4.1 Introduction 
Nickel hydroxide is one of the important transition metal oxides and has received 
increasing attention in recent years because of its applications in alkaline secondary 
batteries and also as a precursor for catalysts such as NiO] It is a commonly used 
cathode material in a number of rechargeable battery systems: nickel-cadmium 
(Ni/Cd), nickel-hydrogen (Ni/H?)，nickel-metal hydride (Ni/MH), nickel-ferrum 
(Ni/Fe) and nickel-zinc(Ni/Zn) using the nickel hydroxide (NiOH)/nickel 
oxyhydroxide (NiOOH) couple as the primary redox system.� It has a hexagonal 
layered structure with two polymorphs, a and |3 forms. The major difference 
between the two forms are: The a-Ni(0H)2 is a hydroxy 1 deficient phase with the 
hydrotalcite-like structure that consists of stacks of positively charged Ni(0H)2-x 
layers and contains intercalated anions and water molecules in the interlayer space 
to keep the charge neutral. The structure of the a-form is more disorder because the 
layers are randomly oriented. The general formula of a-Ni(0H)2 can be represented 
by [Ni(0H)2-xA"- x/n-yHzO] with z=0.2-0.4, y=0.6-l, and A = CI", NCV, SO?.，CCV� 
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and OCN". As for P-Ni(0H)2，it has a brucite-like structure with a hexagonal lattice 
and consists of ordered stacking of well-oriented Ni(0H)2 layers, having no 
intercalated species in the interlayer space. The j3-Ni(OH)2 is a stoichiometric phase 
with a composition of Ni(OH)2.4 Comparing the electrochemical properties, 
(x-Ni(0H)2 is superior than the p-forms.^'^ It is due to the large difference in 
oxidation state between the reduced hydrated hydroxide and the oxidized form and 
a higher specific capacity? However, a-Ni(0H)2 is unstable in strongly alkaline 
environment and will transform into p-Ni(0H)2 during cycling or storage. The 
stability can be improved by partial substitution of nickel ions in the crystalline 
lattice by other metal ions such as aluminum/ cobalt? manganese^ and z inc .� It is 
well accepted that the morphology of inorganic materials influences their electrical, 
magnetic, optical and other properties. Fabrication of Ni(0H)2 with a novel 
structure improves the performance of rechargeable alkaline batteries. 
There are numerous reports about the synthesis and properties of Ni(0H)2. Yang et 
al prepared Ni(0H)2 nanoribbons by precipitating nickel sulfate with calcium 
hydroxide.^ Wang et al reported the synthesis of hollow Ni(0H)2 spheres using 
poly(styrene-acrylic acid) (PSA) latex as core, followed by assembly of Ni(0H)2 
nanoflakes on the surface and removal of the PSA latex core in toluene at the end.'^ 
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Three-dimensional "dandelion" like a- and P- Ni(0H)2 were synthesized by Cao 
and coworkers in water-in-oil reverse micelle/microemulsion system using 
cetyltrimethylammonium bromide (CTAB), water, cyclohexane and «-pentanol.^^ 
Ma and coworkers prepared p-Ni(0H)2 and NiO in mixed solvents of 
1,4-butanediol and water. ^ ^ Luo et al synthesized flower-like p-Ni(0H)2 by using 
ethylenediamine as structure directing agent.i4 Beach et al prepared Ni(0H)2 with 
Ni(N03)2 6H2O，urea and sodium dodecyl sulfate in mixed solvents system. ^ ^ 
Herein, a-form Ni(0H)2 with flower-like structures were synthesized by 
urea-precipitation via hydrothermal method through the hydrolysis of nickel acetate 
in mixed solvents of water and ethylene glycol. NiO flower-like structures were 
obtained after thermal decomposition of the as-prepared a-Ni(0H)2. 
4.2 Experimental Section 
4.2.1 Synthesis of nickel hydroxide by hydrothermal method 
Chemical reagents including nickel (II) acetate tetrahydrate (Ni(02CCH3)2 4H2O， 
Acros), urea (NH2CONH2, Acros), ethylene glycol (HOCH2CH2OH, Aldrich) were 
used as received without further purification. 1 mmol of Ni(02CCH3)2 was 
dissolved in a mixed solution of 1.6 ml D.I. water and 8 ml ethylene glycol under 
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magnetic stirring at room temperature. Then 1 mmol of urea was added. The clear 
green solution was than transferred into a Telfon lined stainless steel autoclave, 
sealed and heated at at 180°C (ramping rate 5 °C min'^) for 72 hours. The resulted 
light green powder was collected by centrifugation, washed with deionized water 
and absolute ethanol to remove the residual ions. Finally, the light green product 
was dried at 80°C in vacuum overnight. Different ratios of ethylene glycol (EG) to 
water were used (3:1 and 1:1) and different nickel precursors such as nickel 
chloride hexahydrate (Ni(Cl)2.6H20，Merck), nickel sulphate hexahydrate 
(NiS04 6H2O, Donghong) and nickel nitrate hexahydrate (Ni(N03)2 6H2O, BDH) 
were used for comparison experiments by varying one parameter each time while 
keeping other experiment conditions constant. 
4.2.2. Characterization 
Powder X-ray diffraction data were recorded by using a Bruker D8 Advance X-ray 
diffractometer with Cu Kai irradiation (?i=1.5406A) at scanning rate of 0.05° per 
second. The crystal size was estimated by applying the Scherrer equation (0=KXy 
pcosG), K is taken as 0.9, (3 is the peak width at half-maximum height after 
subtraction of the instrumental line broadening using silicon as standard, and 0 is 
the diffraction angel of the (003) peak of the a-Ni(0H)2. 
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Scanning electron microscopy (SEM) measurements were carried out on a LEO 
1450VP scanning to investigate the morphology of samples. Transmission electron 
microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) 
images were recorded on a Tecnai 20 FEG microscope. A trace amount of sample 
was suspended in absolute ethanol, followed by sonication for dispersion for about 
10 minutes. Carbon-coated copper grids were used as the sample holders. 
Infrared spectra of the products were obtained using a Nicolet Magna 560 FT-IR 
spectrophotometer in the range of 400 to 4000 cm"' at a resolution of 4 cm"^ Each 
sample was mixed with KBr in the ration of 1:50 and then pressed into a thin pellet. 
Nitrogen adsorption-desorption isotherms were collected at 77K using 
Mircomeritics ASAP 2010 equipment (BET and BJH models respectively, for 
specific surface area and porosity evaluation). All the samples were degassed at 
125°C and 10"^  torr for 24 hours prior to measurements. 
Surface composition was determined by X-ray photoelectron spectroscopy (XPS) 
using a PHI Quantum 2000 XPS system with a monochromatic A1 Ka source and a 
charge neutralizer. All the binding energies were referenced to the C Is peak at 
284.8 eV of surface adventitious carbon. 
4.3 Results and Discussion 
4.3.1 X-ray Diffraction Analysis 
Figure 4.1 shows the XRD spectra of Ni(0H)2 prepared in mixed solvents with 
different ratios of EG:H20. All the peaks in Figure 4.1c can be indexed to the 
characteristic peaks of a-Ni(OH)2.i6 The broad asymmetric band around 20 = 
32-36° are typical of the turboistratic phase of a-Ni(0H)2.^^ The peaks marked with 
asterisks are unknown. The patterns in Figures 4.1a and 4.1b consist of a mixed 
reflection peaks of both a- and p-Ni(0H)2，suggesting the samples are not pure 
a-Ni(0H)2 but consist of trace amount of P-Ni(0H)2 in the lattices. It is observed 
that there are no shift in the (003) peak position in different ratios of EGiHiO. The 
crystallite sizes estimated by the Scherrer equation, are 9.3 run, 9.9 nm and 9.06 nm 
with respect to samples prepared in mixed solvents with different ratios of EG to 
water: 5:1, 3:land 1:1 respectively. 
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Figure. 4.1 XRD patterns of nickel hydroxide 
synthesized with different volume ratio of EG:water: 
(a) 5:1，（b) 3:1 and (c) 1:1 
Figure 4.2 is the typical XRD pattern of NiO sample obtained by successive 
calcinations of the as-prepared a-Ni(0H)2 sample at 400°C and 600°C respectively. 
All the reflection peaks in Figure 4.2b and 4.2c can be indexed as cubic NiO phase, 
consistent with the reported value (JCPDS Card no. 47-1049). By the Debye 
Scherrer equation, the average crystal size of NiO nanoparticles are about 6.77 nm 
and 12.9 nm (from the FWHM of the (200) reflection) after successive calcinations 
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Figure 4.2 XRD patterns of as-prepared (a) 
a-Ni(0H)2 transformed into NiO after successive 
calcinations at (b) 400�C and (c) 600�C for 12 hours 
respectively. 
In order to study the effect of anions on the final product, acetate anion was 
replaced by nitrate, sulphate or chloride anions by using different nickel precursors. 
Figure 4.3 shows the XRD spectra of samples with different nickel sources. It can 
be observed that the peak positions of (003) are found shifted over samples with 
different anions because of the intercalation of different anions into the Ni(0H)2 
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a- or P-Ni(0H)2 are observed in the patterns, confirming the pure phase and good 
crystallinity of the cubic NiO. 
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lattice. Summary of XRD results are listed in Table 4.1 
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Figure 4.3 XRD spectra of samples prepared with 
different precursors (a) Ni(02CCH3)2 4H2O 
(Ni(Acc)2 4H2O), (b) Ni(N03)2 6H2O，(c) NiSO* 6H2O 
and (d) Ni(Cl)2 6H2O. 





Crystallite size (run) 
Ni(Cl)2 6H20 15.6 7.49 
Ni(N03)2 6H20 12.5 8.1 
Ni(Acc)24H20 9.5 9.3 
NiS04 6H20 12.7 15.6 
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4.3.2 SEM study 
Figure 4.4 SEM images of samples prepared with different volume ratios of EG: 
water: (a) 1:1，（b) 3:1, (c) 5:1, 
SEM images show many uniform flower-like structures with diameters of 1.5 [im in 
sample with EG:D.I = 5:1 (Figure 4.4a). The flower-like structures are made up of 
many nanopetals connecting with each other. Only flake-like and randomly 
aggregated structures are formed when the volume ratio is 1:1 and 3:1 respectively. 
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4.3.3. TEM and HRTEM study 
Figures 4.5a, 4.5b and 4.5c shows the TEM images of the sample which are in good 
agreement with the results of SEM. The flower-like structure is made up of "petals' 
like nanosheets with high transparency (Figure 4.5c). The sample is unstable and 
shift from position to position under the electron beam. Therefore the HRTEM 
images (Figure 4.5d) are blurred and the interplanar distance cannot be determined. 
b 
c d 
Figure 4.5 (a), (b) and (c) TEM; (d) HRTEM images of as-prepared samples. 
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Figure 4.6 XPS survey spectrum of as-prepared 
a-Ni(0H)2 
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4.3.4 XPS analysis 
Figure 4.6 shows the survey scan spectrum of Ni(0H)2.The Ni 2P3/2 peaks is found 
at 854.6 eV and its satellite peak at 860.6 eV which is consistent with the reported 
value showing a difference of about 6.0 eV.^ ^ The Ni 2P1/2 peak found at 872.0 eV 
is about 17.4 eV lower than that for Ni 2P3/2, similar to the previously reported 
value of 17.3eV. The O Is peak is found at 530.1 eV.'^^ 
( n
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Figure 4.8 XPS high resolution spectrum of O Is. 
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Figure 4.7 XPS high resolution spectrum of Ni 2p. 
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Figure 4.9 FT-IR spectrum of as-prepared a-Ni(0H)2 
4.3.5 FT-IR Analysis 
Figure 4.9 presents the FT-IR spectrum of as-prepared a-Ni(0H)2. The peak at 3580 
cm"' represents the \)o-h stretching of hydroxy 1 groups of brucite-like P-Ni(0H)2. 
The broad band centered at 3310 cm"' corresponds to the dq-h stretching vibration 
of water molecules located in the interlamellar space of a-Ni(0H)2. The strong and 
sharp peak at 1590 cm"' and 1400 cm"' are assigned to the x> c=o of carbonate ions 
which is a by-product of urea hydrolysis.'^ The bands at 646 cm'' and 472 cm'' are 
assigned to Ni-O-H bending and Ni-0 stretching vibrations respectively.'^ 
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4.3.6 BET Analysis 
The representative N2 adsorption-desorption isotherm and BJH pore size 
distribution of a-Ni(0H)2 are presented in Figure. 4.10. The BET surface area of 
as-prepared Ni(0H)2 increases with volume ratio of EG in the mixed solvents as 
shown in Table 4.2. It is due to the morphology of sample with EG:Water = 5:1 is 
three-dimensional and flower-like while samples prepared with less portions of EG 
are flakes or aggregates of flakes. . 
Table 4.2 BET surface area of Ni(0H)2 
prepared with different volume ratios of EG to 
water 
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Figure 4.10 BET surface area and BJH desorption pore 
diameter of Ni(0H)2 prepared with 1 mmol of 
Ni(Acc)2 4H20 dissolved in mixed solution of 1.6 ml H2O 
and 8 ml EG. 
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4.3.7 Proposed formation mechanism of the flower like a-M(OH)2 
The formation mechanism of a-Ni(0H)2 can be divided into two parts. Firstly, the 
hydrolysis of urea results in a steady supply of OH" for the formation ofNi(OH)2.^^ 
Hydrolysis of Urea: 
H2NCONH2(s) + H20(1) — 2NH3(g) + C02(g) 1 
C02(g) + H20(1) + C03^-(aq) + 2H+(aq) 2 
NH3(g) + H20(1)-> NH4+(aq) + 20H-(aq) 3 
H2NCONH2(s) + H20(1) -> NCO'(aq) + NH4+(aq) 4 
Steady supply of OH' 
Ni2+(aq) + 20H_(aq) + Ni(0H)2 (s) 5 
Secondly, the nanocrystals of Ni(0H)2 aggregate to form flakes. The flakes further 
self-assemble into the flowerlike morphology. Many forces can cause the 
self-assemble of particles such as electrostatic force, hydrogen bonding and van der 
Waals force. It has been reported that the electrostatic attraction of the hydroxyl 
defects in the lattice and hydrogen bonding might be the driving force for the 
self-assembly of the flowerlike Ni(OH)2.4 Moreover, the role of EG is crucial for 
the formation of the flower structure as flowerlike Ni(0H)2 is only obtained at 
EG:H20 = 5:1. The coordination between Ni ions and EG may facilitate the 
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formation of flower-like structure. EG helps to provide a viscous and stable 
11 
environment, which favors the growth of nanosheets that act as building blocks 
for the final flower-like products. In addition, because of the enhancement of 
hydrogen bonding between the flakes provided by EG, the nanosheets tend to 
aggregate to reduce the surface energy in the mixed solvents of EG and water. 
4.4 Conclusion 
Flower-like a-Ni(0H)2 has been synthesized by a simple hydrothermal method 
without any surfactants in a mixed solvent of EG and water. The as-prepared 
flower-like products are composed of aggregates of nanosheets which are built 
from nanocrystals. The morphology of the product can be tuned by varying the 
volume ratio of EG to water. It is found that the anion of nickel precursors is critical 
for the preparation of a-Ni(0H)2. The as-prepared a-Ni(0H)2 can be converted to 
NiO with good crystallinity and purity by calcination at 400°C in air. 
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Chapter Five 
Conclusions and Future Work 
5.1 Conclusions 
In this thesis, a solution-based approach was used to synthesis ZnO, LiNbOs and 
(x-Ni(0H)2 with different morphologies. It was found that the product morphologies 
of ZnO and a-Ni(0H)2 could be tuned by varying the volume ratio of reaction 
solvents. Urea was critical for the formation of oxides by providing a steady supply 
of hydroxide ions. 
ZnO microspheres were prepared by both hydrothermal and solvothermal methods 
without templates. The surface of ZnO-HT was smooth while that of ZnO-ST was 
rough. ZnO-HT exhibited higher photocatalytic activity than ZnO-ST because of its 
larger surface area. ZnO-ST was successfully doped with Ag and Ga ions. The 
proposed formation mechanisms for ZnO-ST and ZnO-HT were organic reaction 
pathway via the ester elimination and hydrolysis of urea respectively. 
Hierarchical LiNbOs rods with microchannels were synthesized with surfactant 
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CTAB in mixed solvents. The time-dependent experiment showed this novel 
rod-like structure was a metastable state. The hierarchical LiNbO] rods were 
formed by the templating effect provided by micelles form CTAB and followed by 
Ostwald ripening. The as-prepared LiNbOs could be transformed into Li deficient 
LiNbsOg by successive calcinations. 
a-Ni(0H)2 flower-like products were synthesized. It was found that the volume 
ratios of reaction mixtures and the anions in the nickel precursors were critical for 
the formation of a-state Ni(0H)2. The as-prepared samples could be converted to 
NiO by calcination at 400°C. It was suggested that the flower like a-Ni(0H)2 were 
assembled by nanosheets. These nanosheets tended to aggregated together in order 
to reduce surface energy and their formation was facilitated by hydrogen bonding 
with the viscous EG. 
This solution chemistry method is versatile for tuning the morphology of products 
and is expected to be applicable to the fabrication of other semiconductor 
compounds. 
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5.2 Future work 
The reaction time for the preparation of ZnO may be shortened by employing a 
microwave-assisted method. The additional energy can be introduced at the end of 
the solvothermal/hydrothermal process. Moreover, the photocatalytic activity of 
Ag:ZnO-ST should be tested and compared with that of ZnO-HT. 
The as-prepared a-Ni(0H)2 can be used as an electrode in nickel based batteries. 
Further studies can be done with addition of different dopants into the material, 
such as aluminum, manganese and iron. It would be interesting to synthesize the 
flower-like Ni(0H)2 with reduced dimensions down to the nano-scale. 
Efforts should be made to synthesize LiNbOs submicrometer rods with high 
crystallinity. The reaction time should be shortened in order to make this synthesis 
process more feasible for industrial scale production. Hydrofluoric acid should be 
substituted by other acids such as sulphuric acid or nitric acid. Different lithium and 
niobium precursors should be tested. 
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